The sense of smell involves the stimulation of sensory neurons by odorants to produce depolarization and action potentials. We show that olfactory responses may be mediated by a GTP-binding protein (G protein), a homolog of the visual, hormonal, and brain signal transducing polypeptides. The olfactory G protein is identified in isolated dendritic membranes (olfactory cilia preparations) of chemosensory neurons from three vertebrate species and is shown to mediate the stimulation by odorants of the highly active adenylate cyclase in these membranes. The G protein ofolfactory neurons is most similar to G,, the hormonal stimulatory GTP-binding protein. Its a subunit has a molecular weight of about 42,000, and it undergoes ADP-ribosylation catalyzed by cholera toxin that leads to adenylate cyclase activation. The slight difference in molecular weights of the frog olfactory and the liver G, a subunits and the higher sensitivity of olfactory adenylate cyclase to nonhydrolyzable GTP analogs are consistent with the possible existence of different G, variants. Signal amplification due to the olfactory G protein may be responsible for the unusual acuity of the sense of smell.
The molecular mechanisms of olfactory reception and transduction, while raising much interest, have been elusive (1) (2) (3) (4) (5) . It has been suggested that receptor proteins, possibly constituting a family of gene products that specifically recognize various odorants (5) (6) (7) , trigger a common transductory chain of events resulting in membrane depolarization and firing of action potentials (8) (9) (10) . Whereas the receptor molecules have not yet been conclusively identified, a transduction membrane component with which they may interact has been described (11) . This is an odorant-sensitive adenylate cyclase, which we have shown to be present in dendritic extensions (olfactory cilia) of frog chemosensory neurons. Odorant stimulation of the enzyme was GTP dependent, suggesting the involvement of a guanine nucleotide binding protein, G protein. We report here the identification of the olfactory G protein in three vertebrate species and describe in more detail the properties of olfactory G protein from frogs. It is suggested that the olfactory G protein is a member of the family of signal-transducing polypeptides, most similar to Gs, the hormonal stimulatory GTP binding protein.
MATERIALS AND Membrane Preparations. Nasal olfactory epithelia and respiratory epithelia from palate (frog and toad) or from the nasal cavity (rat) were freshly dissected, and cilia preparations, obtained by the calcium-shock procedure as described (7, 12, 13) , were kept at -700C. Frog liver membranes were prepared according to Northup et al. (14) . Frog brain membranes were prepared as described (11) and kept at -180'C.
ADP-Ribosylation. ADP-ribosylation for radiolabeling of G proteins was carried out according to the procedure of Schleifer et al. (15) . Membranes or cilia (200 ,Ag/ml) were incubated at 370C in 20 mM Tris HCI (pH 7.6) in the presence of 30 mM thymidine, 1 mM ATP, 0.1 mM GTP, 5 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol, 5 ,M [32P]NAD (10-20 Ci/mmol; 1 Ci = 37 GBq), 3 mM phosphoenolpyruvate, pyruvate kinase at 5 units/ml, 0.05% Triton X-100, and cholera or pertussis toxin at 10 ,ug/ml. The reaction was stopped after 1 hr by adding electrophoresis sample buffer and boiling. The toxins were activated by preincubation with 20 mM dithiothreitol at 37°C for 15 min. ADP-ribosylation for G-protein activation was similarly conducted at 30°C with 1 mM NAD and no detergent for 30 min. The reaction was stopped by cooling to 0°C and centrifuging the cilia at 27,000 x g for 20 min. The pellet was resuspended and assayed for adenylate cyclase activity as described below.
Gel Electrophoresis and Autoradiography. Electrophoresis in NaDodSO4/10% polyacrylamide slab gels was performed by the method of Laemmli (16) . Silver staining ofthe gels was carried out according to Merril et al. (17) , and polypeptides were quantitated by densitometry on a Beckman DU-8 spectrophotometer. For autoradiographic identification of 32P-labeled polypeptides, gels were dried and exposed to Agfa Curix or Kodak X-AR x-ray film.
Gel Exclusion Chromatography. Frog olfactory cilia were ADP-ribosylated with [32P]NAD and cholera toxin, and the reaction was stopped by cooling at 0°C. After incubation in 1% Triton X-100 for 15 min at 0°C the material was centrifuged at 10,000 x g. The supernatant was then loaded on a 150 x 9 mm Sephacryl S-300 (Pharmacia) column equilibrated with 
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collected by centrifuging at 10,000 x g, and electrophoresed in NaDodSO4/10% polyacrylamide gel. Adenylate Cyclase Assay. Adenylate cyclase was assayed as described (11) by the method of Salomon et al. (18) , in the presence of 0.5 mM 3-isobutyl-l-methylxanthine. Odorant activation was achieved by adding to the reaction mixture an equimolar mixture ofthe following odorants: N-amyl acetate, l-carvone, 1,8 cineol, and citral. The final total concentration of odorants was 1 mM (0.25 mM for each odorant).
RESULTS
Olfactory cilia preparations from three species (frog, toad, and rat) have been examined for adenylate cyclase activity. As reported (11), the frog preparation has a very high basal activity of the enzyme (around 20 nmol of cAMP per mg of protein per min, Fig. 1 ). This is at least 10 times higher than levels measured in other adenylate cyclase-rich membranes-e.g., from brain (19) or whole olfactory epithelium (11, 20) . The toad and rat olfactory cilia preparations have activities similar to that of the frog (Fig. 1) . In all three species, odorants alone have no significant effect on adenylate cyclase; GTP alone stimulates about 2-fold; but odorants plus GTP are relatively potent, giving rise to activities four to six times higher than basal levels ( Fig. 1 Olfactory cilia also contain a doublet of polypeptides (at about 39 and 40 kDa) that undergoes ADP-ribosylation catalyzed by pertussis toxin (Fig. 2B) . These are putatively identified as a subunit variants of the inhibitory GTP-binding protein (Gi), and possibly the brain GTP-binding protein, Go (22) (23) (24) (25) (26) . The pertussis toxin substrates are not unique to olfactory cilia and appear also in the respiratory organelles.
The olfactory G, is more definitely identified by the NaDodSO4/polyacrylamide gel electrophoresis of fractions from a Sephacryl S-300 column of the [32P]ADP-ribosylated olfactory cilia proteins shown in Fig. 3 . The G,-related protein is identified by comparing the stained gel (Top) with its autoradiographic representation (Bottom). It is seen to correspond to a polypeptide band in Fig. 2 that constitutes about 1% of the silver stained proteins of the olfactory cilia preparation, as determined by quantitative densitometry.
Olfactory Gs elutes at fractions 32-37, yielding a Stokes radius of 4.4 ± 0.4 nm, calculated from a calibration curve as described (27) , using serum albumin (3.5 nm), catalase (5.2 nm), and ferritin (7.8 nm) as standards. This radius corresponds to an apparent molecular weight (for a globular protein) of nearly 100,000, close to the expected molecular weight (80,000) for the heterotrimer of G proteins (23, 28 (24, 29) . The guanine nucleotide dependence of adenylate cyclase in one such control membrane preparation from frog brain is shown in Fig. 4B . The olfactory G protein may be functionally defined as belonging to the stimulatory type, since odorants increase rather than decrease adenylate cyclase activity in the sensory membranes and because cholera toxin catalyzes the specific labeling of a G.-related a subunit in the olfactory cilia preparation. To substantiate the relation between these observations, we studied the effect of the cholera toxincatalyzed ADP-ribosylation of olfactory cilia on their adenylate cyclase activity (Fig. SA) . A dose-dependent activation of such reaction was observed both in the absence and the presence of odorants. Cholera-toxin treatment was found to decrease the percent activation of the adenylate cyclase by odorants as described for other agonists (30) Fig. 2. claim that the G,-related protein of olfactory cilia preparations is a functional chemosensory component: (i) odorants activate rather than inhibit adenylate cyclase in the sensory neuronal membranes; (it) GTP is required for the in vitro odorant response; (iii) the cholera toxin-labeled G,-related protein is enriched in the sensory membrane organelles relative to nonsensory counterparts or to membranes of olfactory epithelium after cilia removal (11) (31, 45) . It has been independently demonstrated that pseudohypoparathyroidism, at least in some patients, is accompanied by a G, deficiency (32, 33 system (cf. refs. 28 (1986) ) _
